Abstract-This paper presents the performance of steered beam adaptive array antennas in mobile fading environment. Here, deterministic and simulation models of the mobile fading channels are investigated and used to explain the behavior of steered beam adaptive arrays in terms of output Signal-to-Interference-plusnoise Ratio (SINR) and pointing accuracy.
I. INTRODUCTION
In steered beam adaptive arrays, as originally suggested by Applebaum [2] , [3] , it is desirable that the Signal to Interference plus Noise Ratio (SINR) at the output of the array exceeds a certain threshold; hence the adaptive algorithm aimed at SINR maximization is used to set the elements weights.
On the other hand, the electromagnetic wave propagation in mobile communication systems is greatly affected by the terrain and surroundings. As a result, the propagated signals undergo multifold reflection, diffraction and scattering. This multipath propagation leads to a signal fading at the receiver. Moreover, the movement of the mobile unit causes frequency shift of each of the partial waves called Doppler Effect.
This paper presents investigations into the effect of mobile fading environment on the performance of the uniformly and non-uniformly spaced steered beam adaptive array. We assumed that the adaptive array is fixed on a highly mounted base station or on a satellite system that communicates with mobile units surrounded by scatterers. A suitable model is proposed for this situation and the performance of the array is studied in terms of output SINR and pointing accuracy.
II. ADAPTIVE ANTENNA ARRAY SYSTEM Consider the N isotropic element array shown in Figure 1 , separated by non-uniform distances y 1 , y 2 , y 3 , ..., y N −1 with one desired signal and M interferers/scatterers. The output signal from the i th element which is assumed to be a complex random process, is multiplied by a complex weight w i and summed with the other N-1 output signals to produce the array output S o (t). The steady-state weight vector which maximizes the output SINR is given by [2] , [3] :- the array [2] , I N is the identity matrix, K is the feedback loop gain, T denotes transpose, * denotes complex conjugate, E{.} denotes the expectation.
The signal vector X = [x 1 (t),x 2 (t),x 3 (t), ...,x N (t)] induced on the array elements can be expressed as:
where the desired, i th interference and noise signal vectors are defined as
To determinew o , it can be noted that a narrowband CW signal from an angle θ max will produce a signal vector:-
where ω c is the center frequency of the narrowband CW signal and β = 2π/λ is the wave-number of the desired signal. The output of the array for such a signal would bē
where
The quiescent pattern of the array will produce a maximum output from this signal if
Therefore, for a given θ max ,w o is chosen as
Using this equation, the steady-state weight vector in Eq. (1) may then be calculated, and the output powers of the desired and undesired signals are given as
where ρ d nm is the normalized autocorrelation between the desired signals coming from the n th and m th antenna elements. Similar equations can be written for the output power of the interference signals, while the output power of the thermal noise is given by:
where σ 2 is the power of the thermal white noise. From these equations, the output SINR of the array can be written as
)where (10) P I i denotes the power of the i th interference signal.
III. MODELLING OF MOBILE FADING CHANNEL
Loo's model applies to frequency-non-selective terrestrial mobile radio channels, where the line-of-sight component undergoes slow-amplitude lognormally-distributed fluctuations, caused by shadowing effects, while the short-term fading caused by the multipath propagation, behaves like the Rice process. Figure 2 shows the stochastic reference model of modified Loo process [1] , [4] , [5] . The short-term fading in this model is represented in Fig. 2 by a complex-valued Gaussian random process
are statistically uncorrelated. Here, µ i (t) represents a colored Gaussian random process, andν i (t) is the Hilbert transform of ν i (t) for (i = 1, 2). The colored real-valued Gaussian random processes ν 1 (t) and ν 2 (t) are zero-mean and statistically independent. The Doppler power spectral density of the ν i (t) (i = 1, 2) is given as 
where f ρ and θ ρ denote the Doppler frequency and the Doppler phase of the line-of-sight component respectively, and 
Hence the modified Loo stochastic process is represented as the absolute value of µ ρ (t), that is Figure 3 shows the deterministic simulation model for modified Loo process that approximates the behaviour of the stochastic reference model shown in Figure 2 [4], [5] . In this model we replaced the three stochastic Gaussian random processes ν i (t)(i = 1, 2, 3) by deterministic Gaussian processesν i (t) of the form
where N i is a sufficiently large integer (ideally ∞). The corresponding correlation function and power spectral density for i = 1, 2, 3 are
Using equations 12 and 13, the deterministic Gaussian processesμ i (t)(i = 1, 2, 3) can be written as
Using the mean-square-error method (MSEM) [1] to calculate the Doppler coefficients c i,n of f i,n for i = 1, 2, we get
(27) where τ max = 1/(2f max ). There is no closed-form solution for the definite integral in this equation , so numerical integration has to be applied to calculate the coefficients c i,n . The Doppler frequencies are
is an auxiliary variable that depends on the frequency ratio
The discrete Doppler coefficients c 3,n of the third Gaussian processν 3 (t), whose power spectral density is Gaussian shaped, are given for n = 1, 2, ..., N 3 as
where the quantity κ c = 2 2/ln2 is chosen such that the mean power of Gaussian power spectral density obtained within the frequency range |f | ≤ κ c f c makes up at least 99.99% of its total mean power. The presented model will be used to study the performance of adaptive array antennas in mobile fading environment.
IV. SIMULATION RESULTS
In this section we will present the simulation results of the mobile fading channel and their effect on the performance of the adaptive array. Figure 4 shows the power spectral density (as determined by the mean-square-error method) and the autocorrelation function of ν 1 (t) , where the number of harmonic functions N 1 considered is 17 (ideally ∞), and the maximum Doppler frequency f max is 85Hz.
In order to simulate a real-world satellite channel, measurement experiments were carried out to optimize the parameters σ 0 , κ 0 ,ρ, σ 3 , m 3 ,f ρ /f max for heavy and light shadowing regions [4] . The optimized values are shown in Table 1 . Using these values of the parameters, and assumed values for N 1 , N 2 , N 3 and f max in simulating the modified Loo processes ς(t), we get Figure 5 for the desired signal voltage level at each element of the array (shown in Fig. 1 ) for light and heavy shadowing regions respectively. Therefore the input SNR/element vs. time can be calculated as Power spectral density S ν 1 ν 1 (f ) and Autocorrelation function R ν 1 ν 1 (τ ) with N 1 = 17, f max = 85Hz, σ 2 0 = 1. Table 1 parameters.
At first, we shall assume that the input SNR/element is 20dB (i.e no fading). Figure 6 shows the output SINR of (λ/2)-uniformly spaced 12-element array and non-uniformly spaced array vs. pointing error (θ perr = θ max − θ d ), where
o is the assumed DOA of the desired signal.
The input SNR/element is 20dB. It can be seen that the non-uniform spaced array with spacings (0.85λ,0.7λ,0.5λ,0.4λ,0.25λ,0.1λ,0.25λ,0.4λ,0.5λ,0.7λ,0.85λ has better performance than the linearly spaced array in terms of sensitivity to pointing errors. The elements are arranged such that the elements in the middle of the array are closer to each other than the elements in the edges of the array. Furthermore, it can be noticed that the array is less sensitive to pointing errors in presence of interference signals at the expense of lower output SINR for zero pointing error. Also, as expected the output SINR deteriorates rapidly when the beam is steered towards an interference source as shown in Fig. 6 .
Using the array configuration in Fig. 6 for uniform and nonuniform spacings, Figure 7 shows the output SINR of the array as a function of the input SNR/element for different values of pointing errors (θ perr ). Here, we have excluded interference. For this interference free case. It can be seen that high values of pointing errors lead to higher degradation in the output SINR. However, if the array elements have non-uniformly spaced, the array gives higher output SINR, especially for high values of pointing errors. o . Again, we consider interference free case, it can be seen that the mean of the output SINR decreases as the pointing error increases, while the variance of the output SINR decreases. Such behaviour can be explained by the curves shown in Fig. 7 for the relation between the output SINR and the input SNR/element. This behaviour is further explained in Figures 10 and 11. It can be seen that the mean and the variance of the output SINR have their peak in absence of pointing errors. Here, the non-uniformly spaced array described in Figure 6 , shows better performance (less sensitivity to pointing errors) than the corresponding uniformly spaced array.
V. CONCLUSIONS
This paper has presented investigations into the effect of mobile fading environment on the performance of the uniformly and non-uniformly spaced steered beam adaptive array. We assumed that the adaptive array is fixed on a highly mounted base station or on a satellite system that communicates with mobile units surrounded by scatterers. We considered a deterministic model of the mobile fading channel with experimentally optimized parameters and used this to simulate an environment applicable to an adaptive array. It was shown that the nonuniformly spaced array has better performance in terms of the mean output SINR in the presence of pointing errors. 
